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The first and second harmonic electromechanical responses and their cross-correlation in Ag-ion
conducting glass were investigated using band-excitation electrochemical strain microscopy
(ESM). Consecutive ESM images with increasing magnitudes of the applied AC voltage allowed
observation of not only reversible surface displacement but also irreversible silver nanoparticle for-
mation above a certain threshold voltage. The second harmonic ESM response was anti-correlated
with the first harmonic response in many local regions. Furthermore, the nucleation sites of silver
nanoparticles were closely related to the anti-correlated regions, specifically, with low second har-
monic and high first harmonic ESM responses. The possible origins of the second harmonic ESM
response are discussed.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901736]
Electrochemical strain microscopy (ESM) has recently
emerged as a powerful tool to probe ionic transport and elec-
trochemical phenomena at the nanoscale in many material
systems, ranging from Li ion systems1–3 to oxide electro-
lytes4 and memristive materials.5 ESM is based on the detec-
tion of electrochemical strains generated in solids in
response to a periodic bias applied to the tip.1,2 This tech-
nique is similar to the well-established piezoresponse force
microscopy,6–8 with the primary difference lying in the sig-
nal generation mechanism.
The origins of electrochemical strain can include Vegard
strain,9,10 the electrostrictive response of materials to induced
chemical polarization and surface electrochemical reactions,
as well as multiple other mechanisms.11–13 In the Vegard
case, the induced strain is linearly proportional to the concen-
tration change of mobile species, generated by the electro-
chemical process at the tip-surface junction. Alternatively,
the formation of electrochemical double layers or surface
charges (consequently creating chemical or physical polariza-
tion) coupled with bulk electrostriction can produce hyste-
retic first harmonic responses.14–16 Further insight into the
mechanisms of ESM can be obtained by the observation of
second harmonic responses related to electrostriction or re-
versible ionic motion. Here, we explored the first and second
harmonic ESM responses and their cross-correlation in Ag-
ion conducting glass.
As a model system for higher-order harmonic ESM
detection, we chose a (AgI)0.2(AgPO3)0.8 glass (3.0mm
thick). (AgI)x(AgPO3)1–x glass is one of the well-known solid
electrolytes with mobile Agþ ions, and its conductivity is high
(e.g., 102 Scm1 at x¼ 0.6).17 Additionally, Ag-ion conduct-
ing glass is stable in air, compared with other solid electro-
lytes, such as Li-ion systems. The sample was prepared by a
melt-quenching method.18–22 Stoichiometric quantities of
reagent-grade starting chemicals, ammonium dihydrogen
phosphate (NH4H2PO4), silver nitrate (AgNO3), and silver
iodide (AgI), were weighed, ground, and heated in an alumina
crucible placed in a box furnace at 300 C for 1 h and finally
heat-treated at 700 C for 1 h in air. The melt was then
quenched by pressing between two stainless steel plates to
prepare (AgI)0.2(AgPO3)0.8 glass.
18–22
To measure the spatial maps of higher-order harmonic
ESM responses at the sub-10 nm scale, we used band-
excitation (BE)-ESM.23 Briefly, an electric bias with a band
of frequencies around the contact resonance of the cantilever
was applied, and the response was measured and Fourier-
transformed simultaneously to yield the total ESM response.
It was then analyzed using a simple harmonic oscillator
model fitting to extract signals for amplitude, phase, reso-
nance frequency, and quality factor. Note that the BE
approach mitigates significantly the topographic cross-talk by
the position-dependent cantilever transfer function.23 BE-
ESM was performed using a commercial atomic force micro-
scope (Cypher, Asylum Research) interfaced with National
Instrument cards controlled by Labview and Matlab software.
The BE signal, at 350–410 kHz, was applied to the cantilever
with a conductive Pt/Cr coating (Budget Sensors). For electri-
cal contact, a silver paste was used as the bottom electrode.
Image and data processing were performed using WSxM24
and custom-written Matlab codes, respectively.
First, we investigated the first harmonic ESM signals of
(AgI)0.2(AgPO3)0.8 glass. A topographic image (5  5 lm2)
of the glass showed multiple pores and initially existing par-
ticles (Fig. 1(a)). Figures 1(b) and 1(c) show the spatial maps
of the first harmonic BE-ESM amplitude and resonance fre-
quency obtained by a simple harmonic model fitting, respec-
tively. The magnitude of the applied AC voltage (Vac) for
ESM imaging was 3V. The amplitude signal was high at the
boundary of the top largest pore, but it was remarkably low
in other regions. The resonance frequency signal showeda)Electronic mail: yangs@ornl.gov
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variation (15 kHz), likely due to changes in the contact
stiffness depending on the position (i.e., pores and particles).
White pixels in these images represent the points where the
ESM response was close to zero (Fig. 1(d)), and thus were
not amenable to fitting.
Using consecutive ESM images with increasing Vac, we
observed not only reversible surface displacement but also an
irreversible electrochemical reaction above a certain threshold
voltage (Figs. 2(a)–2(c)). Until the Vac reached 6V, the local
ESM amplitude increased slightly with Vac, but topographic
images and the resonance frequency maps did not show any
change (see Ref. 25). The average value of the ESM ampli-
tude for all pixels (except the white pixels) also showed a
slight increase (Fig. 2(d)). This indicated that the applied AC
bias yielded only a reversible change in surface displacement.
However, at Vac¼ 7V, many nanoparticles were formed sud-
denly, as indicated by the arrows in Figs. 2(e) and 2(f). The
nanoparticle nucleation sites coincided with the high ESM
amplitude regions (i.e., the vicinity of the top largest pore).
The average value of the ESM amplitude also increased mark-
edly. The newly formed nanoparticles should be silver metal
particles. That is, an irreversible electrochemical Ag reduction
process occurred when critical potential was exceeded:
Agþ þ e ! Ag(s). The observed threshold voltage is con-
siderably larger than the thermodynamically determined
standard Ag reduction potential (0.8V). However, the Ag
reduction reaction is a kinetic process, driven by the applied
AC bias with high frequency x. Thus, the condition of
xs 1 should be fulfilled under AC bias application,26 where
s(Vac) is the time scale to occur for Ag nucleation. The high
bias is required at high frequency AC bias, since s becomes
smaller with increasing the bias (It is expected to decrease
to thermodynamic potential, if DC bias is applied.)
Furthermore, it should be considered that the overall voltage
drop is divided between the tip-surface junction and the bulk
material.4 Thus, the actual voltage driving the formation of
silver particles at the tip-surface junction is significantly
smaller than the tip bias.
The first harmonic ESM response allows identification
of the Agþ ion abundant sites. To emphasize the nucleation
sites of silver particles, a difference image is presented in
Fig. 2(f), prepared by the subtraction between the topo-
graphic images before (Fig. 1(a)) and after the formation of
silver particles (Fig. 2(e)). The nucleation sites correspond to
the region of white pixels in Fig. 2(c), indicating that reversi-
ble surface displacement no longer takes place after the
nucleation of the silver particles. The sizes of the particles
deposited in the higher amplitude regions were larger than
FIG. 1. (a) Topographic image of (AgI)0.2(AgPO3)0.8 glass. Spatial maps of
the first harmonic BE-ESM (b) amplitude and (c) resonance frequency ana-
lyzed using a simple harmonic oscillator model fitting. The applied AC volt-
age for BE-ESM imaging was 3V. All image sizes are 5 5 lm2. (d) ESM
responses were averaged at the four different regions marked in (b). Note
that the maximum peak values at the resonance frequency are those obtained
by multiplying the amplitude and quality factor.
FIG. 2. ESM amplitude images at the different Vac: (a) 5V, (b) 6V, and (c)
7V. (d) The amplitude values averaged over all pixels (except the white pix-
els) as a function of Vac. The error bars indicate the standard deviations. (e)
Topographic image after ESM imaging with Vac¼ 7V, showing the forma-
tion of silver metal nanoparticles. (f) Difference image made from the sub-
traction between the topographic images before (Fig. 1(a)) and after the
formation of silver particles (Fig. 2(e)). Bright (yellow) regions show the sil-
ver nanoparticles formed. All image sizes are 5 5 lm2.
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those in the lower amplitude regions. This demonstrated that
the first harmonic ESM amplitude is directly linked to the
concentration of Agþ ions.
To gain further insight into the underlying mechanism
of ESM, we measured the first and second harmonic
responses at the same sample position as a function of Vac.
To detect the nth harmonic (n¼ 1, 2,…), we applied a band
of frequencies at x0/n, where x0 is the contact resonance,
but still measured the ESM response at x0.
27,28 Thus, if the
position-dependent contact stiffness (or contact area) does
not change during measurement, the resonance frequency
images for the nth harmonics should be the same. As shown
in Figs. 3(a) and 3(e), the resonance frequency images for
the first and second harmonic ESM signals were almost iden-
tical. This validates the reliability of our ESM data for the
high-order harmonic responses. Third harmonic signals were
not detected in this system.
While the resonance frequency images were virtually
identical, the amplitude images clearly showed complemen-
tary information and evolved differently with Vac. In the spa-
tial maps of the first harmonic ESM amplitude signal, the
local amplitude increased from the center to the periphery of
the ESM-activated regions (i.e., higher amplitude regions)
with Vac (Figs. 3(b)–3(d)). In contrast, in the spatial maps of
the second harmonic, the local amplitude decreased slightly
from the periphery of the ESM-activated regions with
increasing Vac, and consequently, the ESM-activated regions
decreased (Figs. 3(f)–3(h)). The Vac-dependent average am-
plitude showed these increasing and decreasing behaviors
for the first and second harmonic responses, respectively
(Fig. 3(i)).
To explore this behavior further, we analyzed the cross-
correlation between the spatial maps of the first and second
harmonic responses. Figures 4(a) and 4(b) show the spatial
maps of the first and second harmonic amplitude signals at
Vac¼ 6V (i.e., before the formation of silver particles),
respectively. We found that the first and second harmonic
amplitude images were anti-correlated in many local regions.
For example, in the region indicated by open boxes in
Figs. 4(a) and 4(b), the first harmonic signal was high, but the
second harmonic was low, and vice versa. To analyze their
correlation quantitatively, we performed cross-correlation
coefficient analysis29 for the images measured at the same Vac.
The cross-correlation coefficients for the resonance frequency
images were nearly 1 (the squares in Fig. 4(c)), confirming
that they were almost identical. However, the cross-correlation
coefficients for the amplitude images were approximately
FIG. 3. (a) and (e) Resonance frequency at Vac¼ 3 V and ((b)–(d) and (f)–(h)) Vac-dependent amplitude images for ((a)–(d)) the first harmonic and ((e)–(h))
second harmonic ESM responses, respectively. All image sizes are 2 2 lm2. (i) The values of amplitude averaged over all pixels (except the white pixels) as
a function of Vac for the first (squares) and second (circles) harmonic ESM responses. The error bars indicate the standard deviations.
FIG. 4. ESM amplitude images for (a) the first and (b) second harmonics at
Vac¼ 6V. (c) Cross-correlation coefficients between the spatial maps of the
first and second harmonic resonance frequency (squares) and amplitude
(circles) responses as a function of Vac. (d) Topographic image after ESM
imaging with Vac¼ 8V, showing the formation of silver nanoparticles. All
image sizes are 2 2lm2.
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0.25 (the circles in Fig. 4(c)). The negative coefficient value
suggests that they are anti-correlated. Furthermore, interest-
ingly, we found that this local anti-correlation was relevant to
the occurrence of the surface electrochemical Ag reduction
process. Above a certain threshold voltage, silver nanopar-
ticles were formed in the regions (also see Ref. 25) with high
first harmonic and low second harmonic amplitude signals, as
seen clearly in the open box of Fig. 4(d).
For the mechanism of ESM in this system, we first con-
sidered the ionic Vegard strain. The first harmonic ESM
response can be explained in terms of the bias-induced Ag-
ionic motion and Vegard’s law.9,10 Additionally, the second
harmonic response could be generated using the quadratic
Coulomb interaction between ions. It has been reported that
the induced strain u follows a second-order polynomial of
ion concentration change DC given by u / aDC  bDC2
(where a and b are constants) in a few ion conductors.30 The
first-order term is from Vegard’s law, and the second-order
term is due to Coulomb interaction between ions. However,
for the Vegard mechanism, a reversible electrochemical
reaction at the tip-surface junction is required. The Pt/Cr-
coated tip is an ion-blocking and electrochemically inert
electrode, and a silver reservoir does not exist at the tip-
surface junction. Thus, the Ag redox process (i.e., the forma-
tion and dissolution of silver nanoparticles) should take place
at the tip-surface junction. More investigation to confirm the
possibility of a silver nanoparticle dissolution process is
needed.
We suggest that surface chemical polarization Pchem,
coupled with bulk electrostriction, is another possible origin of
the ESM response in this system. The formation of an electro-
chemical double layer (or surface charge layer) on the surface
is expected. For example, it can be formed by Agþ ions in
glass and OH ions, which are readily available as a result of
dissociative water adsorption.15 The formation of these layers
indicates the existence of Pchem, capable of generating both
the first and second harmonic ESM responses by coupling
with electrostriction Q.16 Namely, the electric field (E)-induced
strain u¼Q(Pchemþ eE)2¼Q(Pchem2þ 2PchemeEþ e2E2),
where e¼ (1þ ve)e0 is the permittivity, ve is the electric sus-
ceptibility, and e0 is the vacuum permittivity.
25 The first har-
monic ESM response is directly linked to the amount of Pchem
(i.e., the concentration of Agþ ions). The second harmonic
response indicates how large ve is in the local probing region
(i.e., how readily the probing region polarizes in response to an
applied bias).
This scenario can explain why silver particles nucleate
readily in the regions with high first harmonic and low sec-
ond harmonic ESM responses. If the first harmonic is high
and the second harmonic is low (i.e., Pchem is large and ve is
small), Agþ ions are abundant and can remain longer. Thus,
both the concentration of Agþ ions and the time for nuclea-
tion are sufficient, allowing silver particles to be formed eas-
ily. In contrast, if the first harmonic is small or the second
harmonic is high, Agþ ions are scarce or leave rapidly, mak-
ing it difficult to nucleate silver particles. The local anti-
correlation can be explained in terms of the number of Agþ
ions in the local region. The formation of Pchem indicates
that Agþ ions are bound by anions. As a result, if Pchem is
large, the number of Ag ions to be polarized decreases, and
vice versa. Alternatively, it could be simply caused by chem-
ical inhomogeneity in the (AgI)0.2(AgPO3)0.8 glass.
In summary, we explored the first and second harmonic
BE-ESM responses in an (AgI)0.2(AgPO3)0.8 glass. The first
and second harmonic ESM responses evolved differently
with Vac, and the second harmonic response was anti-
correlated with the first harmonic in many local regions.
Interestingly, silver nanoparticles were formed in regions
with high first harmonic and low second harmonic ESM
responses. We suggest that surface chemical polarization,
coupled with bulk electrostriction, is a likely origin of ESM
responses in an Ag-ion conducting glass. To clarify the exact
origin, more investigation is needed. This work reveals that
ESM is a powerful tool to probe electrochemically active
regions at the nanoscale in the metal cation conducting
glasses composed of multiple materials. In addition, we
highlight that the higher-order harmonic detection and the
analysis of their cross-correlation can provide deeper insights
into the underlying physics of material systems, such as the
origin of electromechanical responses in fast ion conductors
with mobile cations.
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